. The axons of thalamocortical cells, in turn, give rise to Section of Neurobiology axon collaterals within the thalamic reticular nucleus as Yale University School of Medicine the parent axon passes through en route to the cerebral New Haven, Connecticut 06473 cortex (Friedlander et al., 1981; Harris, 1987 1995a, 1995b). These phasic IPSPs in thalamocortical from the initiation by one or a small number of cells cells result in the removal of inactivation of the lowfollowed by the progressive recruitment of large threshold Ca 2ϩ current. The rising, or repolarizing, phase numbers of neighboring neurons into the synchroof the IPSP then activates this Ca 2ϩ current resulting in nized network activity. Synchronized network oscillathe generation of a low-threshold Ca 2ϩ spike and a burst tions representative of slow-wave sleep, as well as of action potentials (Bal et al., 1995a . Burst firing absence seizures, were demonstrated to cease sponin thalamocortical cells once again excites the GABAtaneously at least in part through the persistent acergic cells of the thalamic reticular or perigeniculate tivation of a hyperpolarization-activated cation connuclei, thus starting the next cycle of the spindle oscillaductance. Block of this conductance resulted in tion (Bal et al., 1995a . In this manner, spindle oscillations that, once generalized, occur continuwaves are generated through a simple reciprocal interously. These results indicate that the persistent activaaction between the GABAergic cells of the thalamic retion of a hyperpolarization-activated cation conducticular/perigeniculate nuclei and their corresponding tance is a key mechanism through which synchronized thalamocortical neurons. oscillations in thalamocortical networks normally terSpindle waves occur spontaneously at the rate of minate.
since many thalamic reticular cells may not hyperpolarwaves are characterized by the arrival of barrages of IPSPs at 6 Hz-10 Hz and the generation of a rebound ize during the generation of spindle waves (Mulle et al., low-threshold Ca 2ϩ spike and burst of action potentials 1986; Steriade et al., 1986) .
following every second to fourth IPSP ( Figure 1A ). Each Intracellular recordings and computational models of spindle wave waxed and waned over a 2 s-4 s period thalamocortical neurons suggested another possible and was followed by a small (1 mV-2.5 mV) slow afterdemechanism for the cessation of synchronized oscillapolarization (n ϭ 21) ( Figure 1A ). tions. Single thalamocortical neurons are capable of Bath application of the GABAA receptor antagonist generating rhythmic low-threshold Ca 2ϩ spikes and asbicuculline methiodide (20 M) resulted in a transformasociated bursts of action potentials at frequencies of tion of normal spindle waves into paroxysmal events 0.5 Hz-4 Hz. These oscillations are characterized by the resembling those underlying absence seizures (n ϭ 15) regular occurrence of low-threshold Ca 2ϩ spikes that are ( Figure 1B ), as reported previously (Bal et al., 1995a (Bal et al., , interspaced by a depolarizing "pacemaker potential" 1995b von Krosigk et al., 1993) . These paroxysmal syn- (McCormick and Pape, 1990a; Soltesz et al., 1991;  Curró chronized oscillations are characterized by the arrival .
of slow GABA B receptor-mediated IPSPs and the generActivation of the h-current, a noninactivating mixed Na ϩ ation of large rebound low-threshold Ca 2ϩ spikes at the and K ϩ current that slowly activates upon hyperpolarizarate of ‫2ف‬ Hz-4 Hz ( Figure 1B ) (Bal et al., 1995a . tion, appears to generate the depolarizing pacemaker
The bicuculline-induced paroxysmal oscillations also potential (McCormick and Pape, 1990a) . Intracellular exhibited a waxing and waning and a prolonged and studies and computational models demonstrate that the small (1 mV-4 mV) depolarization of the membrane pogeneration of these intrinsic oscillations, as well as nettential in between each network oscillation ( Figure 1B ). work oscillations such as spindle waves, is critically
In addition, during the generation of both spindle waves dependent upon the amplitude, kinetics, and voltage and the bicuculline-induced slow oscillation, the negadependence of the h-current. Persistent activation of tive-most membrane potential obtained by barrages of the h-current can result in a progressive failure of thalaIPSPs arriving from the PGN became progressively more mocortical neurons and neuronal networks to generate depolarized during approximately the second half of the rhythmic oscillations (McCormick and Pape, 1990b;  oscillation ( Figure 1 ). The duration of the slow afterdepoMcCormick and Huguenard, 1992; Destexhe et al., larization following the generation of the network oscilla-1996). Interestingly, intracellular recordings have retions matched the period between network oscillations vealed that single thalamocortical neurons are capable ( Figure 1 ). of generating waxing and waning oscillations apparently
The intracellular injection of hyperpolarizing current through intrinsic ionic mechanisms (Leresche et al., pulses revealed that the slow afterdepolarization follow-1991), and it has been speculated that the waning of ing spindle waves was associated with a 14%-18% inthese oscillations is due to the persistent activation of crease in apparent membrane conductance and a subthe h-current.
stantially decreased ability of these constant current The persistent activation of the h-current can result pulses to generate rebound low-threshold Ca 2ϩ spikes in a decrease in apparent input resistance of the cell (n ϭ 6) ( Figure 2 ). As the slow afterdepolarization deas well as a depolarization of the membrane potential creased in amplitude, the amplitude of the rebound low- (McCormick and Pape, 1990a) . Together, these can rethreshold Ca 2ϩ spike following the intracellular injection sult in the inhibition of thalamocortical oscillations by of the hyperpolarizing constant current pulse increased promoting the inactivation of the low-threshold Ca 2ϩ cur-( Figure 2A ). rent and by reducing the amplitude of IPSPs generated To test whether or not a similar decreased responby burst firing in thalamic reticular/PGN neurons. One siveness may occur in response to the arrival of IPSPs, possibility is that the rhythmic oscillations of the spindle we activated localized regions of either the PGN or interwave results in a persistent activation of the h-current laminar zones with pressure-pulse applications of glutaand this, in turn, results in the waning of the spindle mate. Our intracellular investigations of neurons in the wave itself by decreasing the ability of thalamocortical interlaminar regions of the ferret LGNd have revealed cells to generate rebound low-threshold Ca 2ϩ spikes in that these cells function in a manner identical to those response to burst firing in thalamic reticular/PGN neuof the PGN. These interlaminar neurons exhibit electrorons Destexhe et al., 1993a Destexhe et al., , 1993b . physiological properties that are indistinguishable from In this study, we demonstrate that, indeed, the persistent those of the PGN and form reciprocal interconnections activation of I h makes an important contribution to the with thalamocortical neurons in the relay lamina (von cessation of synchronized network oscillations (Bal and Krosigk et al., 1994, Soc. Neurosci., abstract) . Activation McCormick, 1995, Soc. Neurosci., abstract) .
of the GABAergic neurons in the PGN or in the interlaminar regions through the pressure-pulse application of glutamate (0.5 mM in micropipette) activated IPSPs that Results resulted in the generation of rebound low-threshold Ca 2ϩ spikes ( Figure 2B ). As with hyperpolarizing current Intracellular recordings from thalamocortical neurons in pulses, these IPSPs lost their effectiveness to generate the ferret dorsal lateral geniculate nucleus (LGNd) mainrebound low-threshold Ca 2ϩ spikes in thalamocortical tained in vitro revealed the spontaneous occurrence of neurons following the generation of spindle waves (Figspindle waves at the rate of approximately one every ure 2B). Compensation for the spindle wave afterdepo-5 s-20 s ( Figure 1A ), as reported previously (von Krosigk larization with the intracellular injection of current facilitated the return of activation of rebound low-threshold et al., Bal et al., 1995a ). These spindle LGNd maintained as a sagittal slice in vitro. A slow afterdepolarization (ADP) occurs following the generation of a spindle wave. (B) Bath application of bicuculline methiodide (20 M) results in the transformation of spindle waves into a paroxysmal 2 Hz-4 Hz oscillation that resembles the cellular events underlying absence seizures. These bicucullineinduced paroxysmal oscillations also exhibit a waxing and waning appearance and are followed by a slow afterdepolarization. During both spindle waves and the bicucullineinduced paroxysmal oscillations, the peak amplitude of the IPSPs first increases and then decreases as the spindle wave waxes and wanes. (A) Intracellular injection of a short-duration (120 ms) hyperpolarizing current pulse is followed by the activation of a rebound lowthreshold Ca 2ϩ spike. The ability of this constant current pulse to generate a rebound Ca 2ϩ spike is significantly reduced during the slow afterdepolarization that follows the generation of a spindle wave, owing in part to the depolarization of the cell and to the increase in apparent input conductance. (B) Activation of the GABAergic neurons of the interlaminar region with a local application of glutamate (0.5 mM in micropipette) results in an IPSP that activates a rebound low-threshold Ca 2ϩ spike in the recorded thalamocortical neuron. Immediately following the generation of a spindle wave, the IPSP no longer evokes a rebound low-threshold Ca 2ϩ spike during the slow afterdepolarization. The ability of the evoked IPSP to evoke a rebound Ca 2ϩ spike recovers as the slow afterdepolarization ends. (C) The reduction in rebound Ca 2ϩ spikes is due in part to changes in membrane potential. Immediately following the generation of a spindle wave, there is an afterdepolarization associated with the generation of reduced rebound Ca 2ϩ spikes following the injection of hyperpolarizing current pulses. Compensation for the change in membrane potential during the slow afterdepolarization with the intracellular injection of hyperpolarizing current (Ϫd.c.) reinstates the rebound Ca 2ϩ spikes, even though the electrotonic response to the hyperpolarizing current pulse is reduced in amplitude. Similarly, depolarization of the cell by about 3 mV with the intracellular injection of current (ϩd.c.) greatly reduces the amplitude of the rebound Ca 2ϩ spike. Returning the current injection to prespindle levels reinstates the rebound Ca 2ϩ spikes just prior to the occurrence of the next spindle wave. (D) Simultaneous intracellular recordings from monosynaptically connected PGN and thalamocortical neurons reveal that a burst of action potentials in the PGN neuron can activate a rebound low-threshold Ca 2ϩ spike and burst of action potentials when the thalamocortical cell is at Ϫ70 mV, but this is markedly reduced by a small depolarization of the membrane potential to Ϫ66 mV. depolarizing current pulse into a PGN neuron is associated with a burst of action potentials in lamina A at a latency of ‫021ف‬ ms-150 ms, presumably resulting from the generation of rebound low-threshold Ca 2ϩ spikes in thalamocortical neurons (see Figure 2D ). In addition, feedback EPSPs at a latency of ‫521ف‬ ms-150 ms appear in the PGN neuron following the burst of action potentials. (B) The occurrence of a spontaneous spindle wave is associated with a marked reduction in the intensity of rebound burst discharges in lamina A as well as in the amplitude of the return EPSPs. As the spindle wave refractory period ends, the amplitude of both the action potential bursts and return EPSPs gradually increases, until the next spindle wave is generated.
Ca
2ϩ spikes following hyperpolarizing current pulses or cal cell by 2 mV-4 mV, i.e., by an amount similar to that associated with the spindle wave afterdepolarization, glutamate-activated IPSPs, although these hyperpolarizing events were still smaller than usual owing to the was sufficient to block the generation of rebound bursts of action potentials following the evoked IPSP (Figure increase in apparent input conductance ( Figure 2C ).
The possibility that small (2 mV-5 mV) depolarizations 2D). These results suggest that the cessation of both spindle waves and the bicuculline-induced paroxysmal of the membrane potential may inhibit the generation of rebound low-threshold Ca 2ϩ spikes was investigated oscillation may result from the decreased ability of IPSPs arriving from the PGN neurons to generate rebound loweither in single neurons during the injection of current pulses (for example, see Figure 2C ) or through the perthreshold Ca 2ϩ spikes in thalamocortical neurons. formance of dual intracellular recordings from synaptically connected PGN and thalamocortical relay cells.
Examination of the PGN-LGNd-PGN Loop during the Refractory Period Intracellular injection of small (5 mV-10 mV; 100 ms-150 ms duration) hyperpolarizing current pulses into thalaPreviously, we have demonstrated that activation of a single PGN neuron with the intracellular injection of a mocortical relay cells at resting membrane potentials (Ϫ63 mV to Ϫ68 mV) was typically followed by the generdepolarizing current pulse was often sufficient to generate rebound burst firing in a number of thalamocortical ation of rebound low-threshold Ca 2ϩ spikes. Depolarization of the membrane potential through the intracellular neurons, resulting in the arrival of "return" EPSPs in the recorded PGN cell (Bal et al., 1995a . We used injection of current by as little as 2 mV-5 mV typically abolished these rebound Ca 2ϩ spikes or reduced their this ability of PGN cells to activate return EPSPs coupled together with extracellular recordings from thalamocoramplitude ( Figure 2C ) to such an extent that they no longer activated action potentials (n ϭ 4). Similarly, dual tical neurons in the A-laminae to test the hypothesis that the refractory period is associated with a decreased intracellular recordings from monosynaptically coupled PGN and thalamocortical relay neurons revealed that responsiveness of thalamocortical neurons to synaptic inputs generated by a burst of action potentials in a the activation of a burst of action potentials in a single PGN cell may result in the generation of a rebound low-PGN neuron. Just prior to the occurrence of a spindle wave, activathreshold Ca 2ϩ spike in the postsynaptic thalamocortical neuron ( Figure 2D ). Depolarization of the thalamocortition of a single PGN neuron resulted in the occurrence of return EPSPs resulting from rebound burst firing of generation of the slow afterdepolarization may be due to the activation of I h through the intracellular injection inhibited thalamocortical relay cells (n ϭ 11) ( Figure 3A , 10 s). Extracellular multiple unit recordings from the apof repetitive hyperpolarizing current pulses. Intracellular injections of 80 ms-250 ms duration repetitive hyperpopropriate portion of the LGNd revealed that these return EPSPs were associated with a burst of action potentials larizing current pulses at frequencies of 2 Hz-8 Hz into single thalamocortical neurons mimicked some of the from presumed thalamocortical neurons (n ϭ 4 pairs) (for example, see Figure 3A , 10 s). The generation of a features of the network oscillations. In particular, the intracellular injection of repetitive hyperpolarizing curspontaneous spindle wave was associated with a marked decrease in the intensity or amplitude of both rent pulses was associated with a progressive decrease in the amplitude of the electrotonic response to each the burst of action potentials at the extracellular recording site (n ϭ 4) as well as the barrage of return constant current pulse and the generation of a slow afterdepolarization (n ϭ 11) (Figures 4-6 ). The slow afterEPSPs (n ϭ 11), despite the generation of the same number and frequency of action potentials in the PGN depolarization was associated with a 15%-28% increase in membrane conductance, after compensation neuron ( Figures 3A and 3B ). As the time since the generation of the spindle wave increased, the induced burst for the depolarization with the intracellular injection of direct current (d.c.) (n ϭ 6) (data not shown). of action potentials in the thalamocortical cells and the subsequent return EPSPs grew in amplitude until the During the generation of the bicuculline-induced slow oscillation, the amplitude of each rebound low-threshold generation of the next spontaneous spindle wave (Figures 3A and 3B) . These results further support the hyCa 2ϩ spike progressively decreased as the network oscillation waned ( Figures 4A and 4B) . Similarly, the amplipothesis that the waning of spindle waves and the generation of the refractory period is mediated by a markedly tude of rebound low-threshold Ca 2ϩ spikes generated in response to hyperpolarizing current pulses also prodiminished ability of a burst of action potentials in PGN neurons to induce a rebound low-threshold Ca 2ϩ spike gressively decreased as the peak amplitude of the membrane deviation achieved by each hyperpolarizing conin thalamocortical cells.
stant current pulse decreased ( Figures 4C and 4D ). The afterdepolarizations following the bicuculline-induced Mechanism of Generation of the Decreased Responsiveness and Afterdepolarization oscillation and the mimicked oscillation induced with repetitive hyperpolarizing current pulses were similar in Thalamocortical neurons exhibit a slowly activating and deactivating cation current, I h , that is activated with amplitude and duration (Figures 4-6 ). The effect of the slow afterdepolarization on the parhyperpolarization (McCormick and Pape, 1990a) . We tested the possibility that the reduced responsiveness ticipation of the cell in the network oscillation was examined by injecting repetitive hyperpolarizing current of thalamocortical neurons to repetitive IPSPs and the pulses just prior to the spontaneous occurrence of a hyperpolarizing response ( Figures 6B and 6C) , and a block of the progressive decrease in the amplitude of the bicuculline-induced oscillation or a spindle wave (n ϭ 4 cells) ( Figure 5 ). In comparison with control, the rebound membrane potential achieved with each hyperpolarizing current pulse in the train ( Figure 6A , cf. Normal and low-threshold Ca 2ϩ spikes that occurred during a spindle wave or bicuculline-induced slow oscillation that is suCesium). Measurements of the duration of action potentials in the presence of Cs ϩ revealed that they were perimposed upon the slow afterdepolarization are markedly reduced in amplitude ( Figure 5 ). This result indiunchanged in comparison with normal medium (0.82 ms Ϯ 0.11 ms; mean Ϯ SD; normal at action potential base; cates that the slow afterdepolarization following the intracellular injection of repetitive hyperpolarizing cur-0.81 ms Ϯ 0.13 ms cesium; n ϭ 5). An additional property of the hyperpolarization-actirent pulses is capable of markedly reducing the ability of thalamocortical cells to participate in network oscillavated cation current I h is that it is deactivated with depolarization, with the rate of deactivation being proportions.
The steady decrease in the peak amplitude achieved tional to the extent of depolarization (Mayer and Westbrook, 1983; McCormick and Pape, 1990a) . Intraby the hyperpolarizing current pulses and the presence of an afterdepolarization suggests that these two propcellular injection of a brief (1 s-2 s) depolarization into single thalamocortical neurons abolished the slow aftererties may be due to tonic activation of the hyperpolarization-activated cation current Ih (McCormick and depolarization that followed the injection of repetitive hyperpolarizing current pulses (n ϭ 3) (Figures 6D and Pape, 1990b; ). Here, we tested this possibility through the use of extracellular 6E), even though these depolarizations did not result in the generation of action potentials. The hyperpolarizaapplication of Cs ϩ , a specific blocker of Ih (Mayer and Westbrook, 1983; McCormick and Pape, 1990a) . Local tion that follows these depolarizations is mediated by the deactivation and reactivation of some portion of Ih (10 mM-20 mM in micropipette) or bath (0.5 mM-1 mM) application of Cs ϩ resulted in a complete abolition of (McCormick and Pape, 1990a) . Together, these results indicate that the afterdepolarization following synchrothe slow afterdepolarization following repetitive hyperpolarizing current pulses (n ϭ 5) ( Figure 6A ), a block of nized thalamic network oscillations may be generated through the persistent activation of I h . the depolarizing "sag" associated with each electrotonic If the persistent activation of Ih is critical to the waning (n ϭ 4) ( Figures 7A-7C) , and extracellular multiple unit recordings (n ϭ 6) (data not shown). Identical results of spindle waves and the bicuculline-induced oscillation and the generation of the refractory period, then block were obtained with local application of Cs ϩ (10 mM-20 mM in micropipette) applied with pressure ejection (n ϭ of this current should result in a block of these network properties. Remarkably, bath application of Cs ϩ (0.5 5). In these experiments, the spindle wave refractory period was observed to decrease steadily as Cs ϩ was mM-2 mM) resulted in a progressive shortening of the spindle wave refractory period and a lengthening of the applied and to recover within a few minutes following the cessation of Cs ϩ application (data not shown). Intraduration of individual spindle waves as I h was blocked until these synchronized oscillations occurred continucellular recordings from individual thalamocortical cells revealed that either the bath or local application of Cs ϩ ously without cessation, as revealed with intracellular resulted in a hyperpolarization of thalamocortical cells such that the generation of a burst of action potentials in one or more thalamic reticular/PGN cells initiates an of 2 mV-10 mV, as reported previously (McCormick and Pape, 1990a) . Comparison of the repetitive IPSPs arriv-IPSP in recipient thalamocortical cells. This IPSP generates a rebound low-threshold Ca 2ϩ spike and burst of ing in thalamocortical cells during Cs ϩ application with those observed in normal bathing medium revealed that action potentials in a subpopulation of these thalamocortical cells, which then reexcites the thalamic reticular the IPSPs were of similar amplitude and frequency (Figures 7A and 7B, middle traces) . In addition, rebound neurons (Steriade et al., 1993; von Krosigk et al., 1993; Bal et al., 1995a . In this manner, spindle waves low-threshold Ca 2ϩ spikes during the spindle oscillations were also similar between these two conditions. Examiare generated as a simple reciprocal loop between thalamic reticular and thalamocortical neurons. nation of the response of the neuron to hyperpolarizing current pulses before and after application of Cs ϩ reThe waxing of spindle waves is associated with a progressive recruitment of neurons into the synchrovealed that the depolarizing sag representative of activation of I h was progressively blocked in parallel with nized network oscillation, with individual neurons receiving IPSPs that steadily increase in amplitude during apthe block of the spindle wave refractory period (data not shown).
proximately the first half of the oscillation (Bal et al., 1995a Kim et al., 1995) . This progressive recruitment of neurons into the synchronized oscillation can Discussion appear as a propagation of the spindle wave through the tissue (Andersen and Andersson, 1968; Kim et al., During slow-wave sleep and generalized epileptic seizures, and perhaps during sensory processing, synchro-1995) . In addition to the waxing of the spindle wave, these oscillations also wane in that after approximately nized neuronal activity occurs throughout thalamic and cortical systems (Steriade and Deschê nes, 1984; Nied- halfway through the total duration of the spindle wave, fewer and fewer neurons discharge and each neuron ermeyer, 1990; Steriade et al., 1993; Niedermeyer and Lopes da Silva, 1993; Steriade et al., 1994; Singer and discharges less and less intensely until the oscillation ceases in the local tissue (although it may have propaGray, 1995). Spindle waves are synchronized 7 Hz-14 Hz oscillations that are most prominent during the early gated to another portion of the network). The waning of spindle waves is followed by a relative stages of sleep (Steriade and Deschê nes, 1984) . Spindle waves are generated through an interaction between refractory period during which the threshold for the initiation of another spindle wave is markedly increased thalamic reticular/PGN and thalamocortical neurons (Kim et al., 1995) . For example, extracellular electrical the degree to which the inactivation of the low-threshold Ca 2ϩ current is removed by the hyperpolarization). stimulation, or depolarization of a single PGN neuron,
Computational models of single thalamic relay neucan initiate a spindle wave that then propagates rons can replicate the generation of waxing and waning throughout the thalamic slice in vitro away from the point intrinsic oscillations if either the slow activation and deof initiation. Following the generation of a spindle wave, activation kinetics of I h are carefully accounted for (Desapplication of the extracellular stimulus does not genertexhe et al., 1993a) or the voltage dependence of I h ate a full spindle wave or the propagation of such. As activation is considered to be sensitive to [Ca 2ϩ ]i (Desthe time since the generation of the last spindle wave texhe et al., 1993b; 1996) . In addition, computational lengthens, the ability of the network to generate another models of networks of interacting thalamocortical and spindle wave recovers, such that after a period of ‫01ف‬ PGN neurons also reveal that persistent activation of s, an additional spindle wave may be generated that Ih is capable of generating an afterdepolarization and then propagates throughout the slice (Kim et al., 1995) .
spindle wave refractory period similar to that observed Together, the properties of waxing, waning, and rein real neurons (Destexhe et al., 1993b; . fractory period characterize the regular recurrence of Here, we demonstrate that the spontaneous cessation spindle waves at approximately one every 5 s -20 s, of synchronized thalamocortical oscillations is generboth in vivo and in vitro (Steriade and Deschê nes, 1984;  ated at least in part through the progressive activation Bal et al., 1995a Kim et al., 1995) . Block of GABA A of the hyperpolarization-activated cation current I h . This receptors in the spontaneously spindling thalamic slice persistent activation of I h results in a relative refractory results in a transformation of spindle waves into paroxperiod during which the propensity to generate synchroysmal events in which each thalamocortical and PGN nized oscillations is markedly reduced. Each spindle neuron discharge strongly in a synchronized 2 Hz-4 Hz wave or bicuculline-induced paroxysmal oscillation is oscillation Bal et al., 1995a, followed by a 1 mV-4 mV afterdepolarization, the dura1995b) that is similar to the activity generated by these tion of which matches the duration of the refractory cells during generalized spike-and-wave, or absence, period (5 s-20 s). Intracellular injection of repetitive hyseizures (reviewed by Avoli et al., 1990) . These synchroperpolarizing current pulses, which activate I h , also renized oscillations exhibit the same network properties sulted in the same afterdepolarization, and spindle as spindle waves, except that the refractory period bewaves or bicuculline-induced oscillations that occurred tween oscillations is longer (Kim et al., 1995) . during this induced afterdepolarization were associated Recent electrophysiological data suggest that the with a marked decrease in the amplitude of the rebound progressive failure and refractory period for network low-threshold Ca 2ϩ spikes. In addition, the ability of a oscillations may result from the properties of single thaburst of action potentials in a single PGN neuron to lamocortical cells. Thalamic relay neurons have the abilgenerate rebound burst firing in thalamocortical cells is ity to generate rhythmic bursts of action potentials markedly depressed immediately following the generathrough the interaction of the low-threshold Ca 2ϩ current tion of a spindle wave, and this depression recovers and the h-current (McCormick and Pape, 1990a; with the same time course as the decrease in the after et al., 1991) . This intrinsic oscillation typically occurs in depolarization. the delta frequency range (2 Hz-4 Hz) and can exhibit Although the afterdepolarization is relatively small (1 waxing and waning in that the oscillation progressively mV-4 mV), intracellular injection of d.c. in thalamocortiincreases and then decreases in amplitude, even withcal cells reveals that it is large enough to reduce the out the generation of action potentials. Each waxing and amplitude or suppress the occurrence of rebound lowwaning cluster of rhythmic burst firing is separated from threshold Ca 2ϩ spikes in these neurons (for example, the others by ‫5ف‬ s-20 s, during which a slow afterdeposee Figure 2 ). The selective abolition of the slow afterdelarization similar to that studied here occurs (Leresche polarization, both those that follow the intracellular inet al., 1991; Soltesz et al., 1991) . This result indicates jection of hyperpolarizing current pulses as well as those that single thalamocortical neurons possess the ability that follow network oscillations, by extracellular applicato generate, through intrinsic ionic mechanisms, the intion of Cs ϩ indicates that this afterdepolarization is mediterspindle period of one waxing and waning oscillation ated by the persistent activation of Ih. Importantly, the approximately once every 5 s-20 s.
bath or local application of Cs ϩ not only resulted in an The cellular mechanisms for the generation of this abolition of the slow afterdepolarization, but also of the waxing and waning oscillation in single thalamic cells spindle wave refractory period, resulting in synchrowas suggested by the observation that the enhancenized 6 Hz-10 Hz oscillations that occurred continuously ment of the hyperpolarization-activated cation current without the typical waxing and waning associated with I h through the application of various neurotransmitters normal spindle waves (Figure 7) . can decrease the ability of single thalamocortical neuThese results indicate that spindle waves and bicuculrons to rhythmically oscillate (McCormick and Pape, line-induced slow oscillation is associated with the per1990b). The enhancement of I h results in a small depolarsistent activation of I h, which then reduces the responization of the membrane potential and a decrease in siveness of these cells to IPSPs by increasing the apparent input conductance of thalamocortical neurons membrane conductance as well as by depolarizing tha- (McCormick and Pape, 1990b) . Together, these two eflamocortical cells toward the reversal potential for the fects decrease the propensity of thalamocortical cells h-current (approximately Ϫ35 mV). Presumably, with to oscillate through the inactivation of the low-threshold each hyperpolarization and rebound burst, more and Ca 2ϩ current and the reduction of the hyperpolarizations more I h is persistently activated, resulting in a progressive increase in the input conductance of the neuron and that occur in between each Ca 2ϩ spike (thereby reducing depolarization of the membrane potential. We speculate spindle wave, although these afterdepolarizations were not specifically mentioned (see Figure 9 in Steriade et that this progressive activation of Ih results in a progressive decrease in the amplitude of rebound burst firing al., 1985; see Figure 10 in Deschê nes et al., 1984) . In other intracellular recordings in vivo from thalamocortiin thalamocortical neurons, which then results in a decrease in the amplitude of the barrages of EPSPs arriving cal neurons, a small and prolonged hyperpolarization following the generation of a spindle wave was somein the GABAergic PGN neurons. Presumably, this decrease in excitation of PGN neurons is then reflected times observed , and this event was proposed to result from a tonic afterdischarge in thalaas a decrease in the action potential discharge of these cells (as a population), resulting in a decrease in the mic reticular cells. The presence of such a small hyperpolarization does not indicate that the persistent activaamplitude of the IPSPs initiated in the thalamocortical cell during the next cycle of the oscillation. In this mantion of I h did not occur in these cells, nor does it indicate that I h did not contribute to the waning of spindle waves. ner, the interaction between PGN and thalamocortical cells that underlies the generation of these synchronized Rather, this result only indicates that the net effect of the inward and outward currents in the recorded thalaoscillations may progressively fail, leading to the cessation of the network oscillation. Following the cessation mocortical cell following the generation of the spindle wave was hyperpolarizing. At any rate, the ability of of the oscillation, only the persistent activation of Ih remains, resulting in the generation of the afterdepolarizaextracellular application of Cs ϩ to completely block the spindle wave refractory period in vitro suggests that the tion and the relative refractory period.
It is unlikely that the block of the spindle wave refrac- ] i , a more parsimonious explanation is that the that these cells progressively hyperpolarize during the generation of spindle waves and this hyperpolarization persistent activation of I h is due to a slow rate of deactivation at membrane potentials of Ϫ63 mV to Ϫ68 mV. may be large enough to bring the cell below threshold for generation of low-threshold Ca 2ϩ spikes. Previously, Our results suggest that the persistent activation of the h-current following repetitive hyperpolarization may we have proposed that this progressive hyperpolarization of PGN neurons may contribute to the generation be a common mechanism by which synchronized oscillations normally terminate. The widespread presence of of the spindle wave refractory period . However, the general applicability of the hyperpothe h-current in neurons throughout the brain, including the cerebral cortex and hippocampus (Halliwell and Adlarization of the GABAergic neurons to the waning of spindle waves is unclear, since available evidence sugams, 1982; Spain et al., 1991) , suggest that this current may play a similar role in synchronized network activity gests that at least some thalamic reticular neurons progressively depolarize during the generation of spindle in these forebrain structures, such as that which occurs during both normal and abnormal forebrain function waves in vivo (Mulle et al., 1986; Steriade et al., 1986) . Another mechanism that may be involved in the waning (Avoli et al., 1990; Steriade et al., 1993) . Indeed, it is of spindle waves is the presynaptic inhibition of GABA intriguing to speculate that the spontaneous cessation release from thalamic reticular/PGN neurons, since the of generalized absence seizures may occur through the repetitive activation of IPSPs in the thalamus exhibits progressive and persistent activation of I h . If this hypoththis property (von Krosigk and McCormick, 1992, Soc. esis is true, then manipulations that reduce this ionic Neurosci., abstract; Ulrich and Huguenard, 1996) . Howcurrent should exacerbate these generalized seizures, ever, presynaptic inhibition of GABA release is mediated while manipulations that enhance it may help to prevent by activation of GABA B receptors (Soltesz and Crunelli, them. These possibilities remain to be explored. 1992; Thompson et al., 1993; Ulrich and Huguenard, 1996) , and we have not observed marked effects on Experimental Procedures the generation of spindle waves or the spindle wave refractory period following the block of GABA B receptors Male or female ferrets, from 2 months old to 12 months old, were Bal et al., 1995a . have revealed a small afterdepolarization following each
